The adenomatous polyposis coli (APC) gene, whose mutations are responsible for familial adenomatous polyposis, is a major negative controller of the Wnt/B-catenin pathway. 
Introduction
Germ line mutations in the adenomatous polyposis coli (APC) gene are responsible for familial adenomatous polyposis (FAP), an inherited autosomal dominant disease characterized by development of multiple adenomas in the colon. Mutations in APC are also detected in the majority of sporadic colon cancer and early adenomas (1) . The APC protein functions as a tumor suppressor through regulation of the unphosphorylated cytoplasmic h-catenin levels (1, 2) . In the absence of functional APC, h-catenin is accumulated in the cytoplasm, resulting in translocation to the nucleus with T-cell factor (TCF), followed by transcriptional activation of the Wnt target genes (1, 2) . Consistent with Knudson's two-hit principle, both APC alleles are inactivated in the majority of intestinal tumors (3) . However, it has been suggested that mutations in APC gene in FAP patients do not always follow the two-hit model. For example, reduced levels of APC expression from one allele are found in some FAP patients (4) . Moreover, obvious mutations in the APC coding region are lacking in some intestinal tumors with significantly reduced APC levels (5) .
Several lines of Apc mutant mice have been established as models for intestinal polyposis. Interestingly, they develop different tumor numbers. Apc D716 form f300 polyps, whereas Apc Min and Apc 1638N develop f30 and f3, respectively (6) (7) (8) . In contrast, Apc neoR is a hypomorphic allele whose expression is attenuated to f20% of the wild-type Apc allele (9, 10) . Notably, heterozygous Apc neoR mice develop very small numbers of intestinal polyps. However, the molecular mechanism has not been investigated regarding the low polyp multiplicity. 
Materials and Methods
Recombinant embryonic stem cells and animals. Recombinant embryonic stem (ES) cells (Apc +/neoF and Apc neoF/neoF ) and Apc neoF mice were constructed as previously described (9) . All Apc mutant strains were generated in ES cells of 129 strain, and backcrossed to C57BL/6 strain. Backcross generations were >30 for Apc D716 , 11 for Apc neoR , and 8 for Apc neoF . Western blotting and reporter assay. Western blotting for APC and h-catenin, and h-catenin/TCF reporter assay were done as described previously (9) .
Northern blotting. Polyadenylated RNA was extracted from the mouse embryos and analyzed in 5 Ag aliquots. Fragments of mouse Apc cDNA (nucleotides 33-920) and mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA were used as probes.
Immunohistochemistry. Paraffin-embedded sections (4 Am thick) were prepared by a standard method. The ES cells attached to 0.2% gelatin coated glass chamber were fixed with 4% paraformaldehyde for 10 minutes. These specimens were incubated with the primary antibody for h-catenin (1:500; Sigma, St. Louis, MO) or cyclooxygenase-2 (COX-2; 1:200; Cayman Chemical, Ann Arbor, MI) for 1 hour at room temperature. Activation of Akt was determined using an anti-phospho-Akt antibody (1:50; Cell Signaling, Beverly, MA) as described previously (11) . Immunostaining signals were visualized using Vectastain Elite kit (Vector Laboratories, Burlingame, CA). To determine the cell proliferation rates, sections were stained with an anti-Ki-67 antibody (1:100, MIB-5; DAKOCytomation, Carpinteria, CA) as described previously (12) . The labeling index for Ki-67 was calculated as the number of positive cells/ 5,000 tumor epithelial cells.
Scoring polyps and histologic preparations. The number of polyps was scored as described previously (6) . Fixed specimens were stained with 0.5% methylene blue (Sigma-Aldrich, St. Louis, MO). For histologic analyses, formalin-fixed and paraffin-embedded sections were stained with H&E.
Loss of heterozygosity analysis of the Apc locus. Tumor DNA was isolated from paraffin sections and amplified by PCR as described previously (6) . Primers used for the wild-type Apc allele were as follows: Apc -intron13-5V (GCCATACTTTAACACAAGCC) and Apc -intron13-3V (AAAGGCTGCATGAGAGCACTT). To detect the Apc neoF and Apc neoR alleles, primers PR1 (CAGACTGCCTTGGGAAAAGC) paired with Apc-intron13-3V and Apc-intron13-5Vwere used, respectively.
Results
Generation of hypomorphic Apc neoF mice. We have recently generated Apc neoR (i.e., Apc +/neoR , where ''R'' stands for reverse orientation) mice by insertion of a PGK-neo cassette into intron 13 of Apc gene in the opposite orientation to that of transcription (Fig. 1A, bottom) . In this mutant, the decrease in the Apc mRNA was likely caused by promoter attenuation due to the loxP-PGKneo cassette inserted into an enhancer site in intron 13 (9) . Here, we constructed Apc neoF (F for forward) allele with the same PGKneo cassette inserted at the same site of Apc, but in the same orientation as that of transcription (Fig. 1A, top) . After confirmation of homologous recombination in ES cells (Fig. 1B) , we injected the clones into blastocysts and established germ linetransmitted mutant mice (Fig. 1C) Fig. 2A ). Namely, the mean polyp numbers in Apc neoF and Apc neoR mice were 1.09 F 0.85 and 0.26 F 0.54 at 15 months of age, respectively, whereas about a hundred polyps were found in the Apc D716 mice at 3 months (Table 1 ). Moreover, the tumor incidence was 50% and 19% in the 15-month-old Apc neoF and Apc neoR mice, respectively (Table 1) , whereas 100% of Apc D716 mice developed intestinal polyps at 7 weeks of age (6) . Small microadenomas (<0.5 mm in diameter) that were frequently found in the Apc D716 mice under a dissecting microscope were rarely detected in Apc neoF and Apc neoR mice (Table 1; 
ref. 6).
B-Catenin localization in polyps of respective Apc mutants. Histologically, polyps in both Apc neoF and Apc neoR mice consisted of dysplastic adenomas that were similar to those in Apc D716 mice (Fig. 2B and C) . In the Apc D716 mouse polyps, h-catenin was localized predominantly to nuclei of the adenoma epithelial cells, with some weak staining in the membrane (Fig. 2D and G) . In the polyps of Apc neoF and Apc neoR mice, however, cells with nuclear h-catenin were found only sparsely (Fig. 2E, F 2J -L, and S). These results indicate that the nuclear h-catenin localization is not necessarily correlated with adenoma cell proliferation.
We have previously shown that induction of COX-2 in the polyp stroma is critical for polyp formation (12, 13) . In the polyps of Apc neoF and Apc neoR mice, expression of COX-2 was detected in the luminal side of polyp stroma like in the Apc D716 mice (Fig. 2M-O) . We next examined activation of Akt by detection of its phosphorylated form because Akt is constitutively activated in stem cells where h-catenin is accumulated in nuclei (11) . Interestingly, we found phospho-Akt in cells of the entire adenoma in both Apc neoF and Apc neoR mouse polyps as in Apc D716 (Fig. 2P-R) . Thus, induction of COX-2 pathway and activation of PI3K-Akt signaling are independent of h-catenin translocation to nuclei of adenoma cells.
We next examined the Apc genotype of polyp tissues by genomic PCR. The wild-type Apc allele (Apc + ) was lost in all polyps examined in both hypomorphic Apc mutants (Fig. 3A and B) , suggesting that polyp initiation was triggered by Apc gene loss of heterozygosity (LOH) as in the Apc D716 mice (6) . Because Apc LOH is caused by recombination at the centromeric rDNA cluster on mouse chromosome 18 (14) , it is expected that all adenoma cells are in fact homozygous for the mutant Apc alleles (i.e., Apc heterozygosity itself (see below).
Adenomatous polyposis coli protein levels and B-catenin accumulation in Apc mutant polyps. We next determined the APC protein levels in the polyps by Western blotting. The relative amounts of APC in the normal (i.e., nonpolyp) small intestine in the Apc neoR , Apc neoF , and Apc D716 mice were 75%, 65%, and 50% of the wild-type level, respectively (Fig. 3C ). The slightly lower APC level in the Apc neoF than Apc neoR may have been caused by the insertional orientation of the PGK-neo cassette. Notably, we found faint bands for full-length APC in the polyps of Apc neoR and Apc neoF mice, whereas none in the Apc D716 polyps (Fig. 3C) . In contrast, the h-catenin level was much higher in the polyps of Apc D716 mice than Apc neoF or Apc neoR (Fig. 3D) . These results indicate that the level of stabilized hcatenin is inversely correlated with the residual amount of wildtype APC. Molecular basis of polyp multiplicity difference among Apc mutants. To determine the transcriptional activities by hcatenin/TCF complex in the respective Apc mutants in vitro, we generated homozygous ES cell lines for Apc neoR , Apc neoF , and Apc D716 alleles. The APC levels in the homozygous Apc neoR and Apc neoF ES cells were 20% and 10% of that in the Apc +/+ ES cells, respectively, whereas no APC protein was detected in the homozygous Apc D716 ES cells (Fig. 3E) . Furthermore, the h-catenin levels in the homozygous Apc neoR , Apc neoF , and Apc D716 ES cells were inversely correlated with the APC levels; f2.1, 3.1, and 12 times of that in the wild type, respectively (Fig. 3F) . Accumulation of h-catenin in the Apc neoR and Apc neoF cells was milder than that in the Apc D716 cells (Fig. 3G-J) . Consistently, the nuclear staining index for h-catenin was significantly lower in the Apc neoR and Apc neoF cells than that in Apc D716 (Fig. 3K) . Moreover, homozygous Apc D716 ES cells showed the highest transcriptional activity by h-catenin/TCF complex, followed by Apc neoF and Apc neoR with 41, 14, and 6.2 times of the wild-type level, respectively (Fig. 3L) . These results, taken together, indicate that Wnt signaling activity is inversely and quantitatively correlated with the APC level both in vivo and in vitro.
Discussion
We have shown here that the intestinal polyp multiplicity is inversely correlated with the APC level, mediated by the strength of Wnt/h-catenin signaling. Namely, the more reduced levels of APC lead to the stronger activation of Wnt/h-catenin signaling, resulting in the higher polyp numbers. Based on the present results, we propose an ''expression dosage'' model that explains different intestinal polyp multiplicity among the respective Apc mutant alleles. The threshold level of APC that produces one intestinal polyp per mouse is f15% of the wild type (Fig. 3M) . Consistent with these results, it has been suggested that predisposition to human colon polyposis is dependent on the reduced level of APC expression. Approximately 25% decrease in APC expression, which causes f75% reduction by further APC LOH, may predispose to FAP (4). Likewise, Wnt/h-catenin signaling controls ES cell differentiation and intestinal tumorigenesis in a quantitative manner at various levels of the pathway (10, 15, 16) .
The attenuated form of FAP (AAPC) is characterized by smaller polyp number and delayed age of onset than the common form, and phenotypically similar to the Apc neoF and Apc neoR mice. However, the molecular mechanisms seem to be different slightly between human AAPC and Apc neoF or Apc neoR mice. Germ line mutations in familial adenomatous polyposis suggest that there is a need for a third mutation because the inherited alleles are leaky or may express amino-terminally truncated proteins when the allele is mutated in the 5V region (17) . The amino-terminal mutation is followed by reinitiation of the mRNA translation from an internal ribosomal entry site, resulting in reduced expression of nearly full-length functional APC (18, 19) .
Although it has been suggested that some truncated APC proteins have dominant effects in tumorigenesis through We have reported recently that significantly decreased levels of APC and CDX2 proteins in the distal colon of the Apc
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+/À compound mutant mice cause numerous colonic adenomas due to an increased anaphase bridge index that caused Apc LOH (23) . In contrast, the normal (nonpolyp) epithelium of Apc D716 small intestine showed similar anaphase bridge index to the wild type (data not shown). Accordingly, it is possible that frequencies of Apc LOH in the intestinal epithelium of the Apc neoF and Apc neoR mice are also similar to that in the wild type. Therefore, it is conceivable that the difference in the polyp multiplicity among the Apc D716 , Apc neoF , and Apc neoR mice are caused by some events controlled by Wnt signaling after the polyp initiation. Despite the difference in the nuclear h-catenin staining and Wnt transcriptional activation between Apc D716 and Apc neoF or Apc neoR polyps, the Ki-67 labeling index was similar among them (Fig. 2) . Likewise, expression of COX-2 and the level of phospho-Akt were also similar (Fig. 2) . Thus, it remains to be investigated what particular molecules are responsible for the difference in the polyp multiplicity.
In conclusion, we have determined the APC expression levels in relation to the intestinal polyp multiplicity and found that the polyp number is inversely correlated with the Wnt/h-catenin transcriptional activity. We have estimated that one polyp is formed per mouse when APC protein level decreases to f15% of that in the wild type. These results also suggest therapeutic implications concerning Wnt signaling inhibitors.
